Abstract. Carbon (C) dynamics of boreal forest ecosystems have substantial implications for efforts to mitigate the rise of atmospheric CO 2 and may be substantially influenced by warming and changing wildfire regimes. In this study we applied a large-scale ecosystem model that included dynamics of organic soil horizons and soil organic matter characteristics of multiple pools to assess forest C stock changes of the Yukon River Basin (YRB) in Alaska, USA, and Canada from 1960 through 2006, a period characterized by substantial climate warming and increases in wildfire. The model was calibrated for major forests with data from long-term research sites and evaluated using a forest inventory database. The regional assessment indicates that forest vegetation C storage increased by 46 Tg C, but that total soil C storage did not change appreciably during this period. However, further analysis suggests that C has been continuously lost from the mineral soil horizon since warming began in the 1970s, but has increased in the amorphous organic soil horizon. Based on a factorial experiment, soil C stocks would have increased by 158 Tg C if the YRB had not undergone warming and changes in fire regime. The analysis also identified that warming and changes in fire regime were approximately equivalent in their effects on soil C storage, and interactions between these two suggests that the loss of organic horizon thickness associated with increases in wildfire made deeper soil C stocks more vulnerable to loss via decomposition. Subbasin analyses indicate that C stock changes were primarily sensitive to the fraction of burned forest area within each subbasin and that boreal forest ecosystems in the YRB are currently transitioning from being sinks to sources at ;0.7% annual area burned. We conclude that it is important for international mitigation efforts focused on controlling atmospheric CO 2 to consider how climate warming and changes in fire regime may concurrently affect the CO 2 sink strength of boreal forests. It is also important for large-scale biogeochemical and earth system models to include organic soil dynamics in applications to assess regional C dynamics of boreal forests responding to warming and changes in fire regime.
INTRODUCTION
Terrestrial ecosystems act as a key control on climate warming by sequestering a significant portion of anthropogenic CO 2 emissions into natural sinks (Canadell et al. 2007a) . However, these rates of sequestration are neither permanent nor fixed, and there is evidence suggesting that the efficiency of terrestrial ecosystems to sequester anthropogenic CO 2 emissions may be weakening (Canadell et al. 2007a, b) . The weakening of terrestrial sinks has important implications for international climate policy to manage the global carbon cycle. Efforts to assess the efficiency of terrestrial sinks have largely been conducted at the global scale (Canadell et al. 2007a , Le Quere et al. 2009 ), but it is important that the assessment of the efficiency of sinks incorporate regional details and insights to better understand how and why sink strength is changing to better inform climate policy related to the management of the global carbon cycle (Canadell et al. 2011) . Because of the large amount of carbon stored in the boreal forest, there is concern that climate warming and associated increases in fire disturbance could affect the CO 2 sink strength of this region , Pan et al. 2011 . In this study, we conducted an assessment of historical carbon stock dynamics in the Yukon River Basin (YRB) of Alaska, USA, and Canada to provide insight into how and why sink strength is changing in the region and to understand the potential implications of these dynamics for carbon management policy. In the Introduction we review what is generally known about the strength of CO 2 sinks in boreal forests, identify some of the limitations of regional analyses on CO 2 sinks that have been conducted to date, and then provide an overview of our approach to overcome some of these limitations in our assessment of historical carbon stock dynamics of the YRB.
Boreal forest ecosystems have functioned as sinks for atmospheric CO 2 for many millennia, and this has led to the accumulation of substantial soil organic carbon (C) stocks in permafrost and peatlands (Harden et al. 1992 , Tarnocai et al. 2009 ). Boreal forests have been estimated to be important sinks for atmospheric CO 2 in the late 20th century and early 21st century , Pan et al. 2011 . Forest inventory analyses indicate that boreal forests have been responsible for 22% of the residual terrestrial CO 2 sink (after accounting for the effects of tropical deforestation) between 1990 and 2007 (Pan et al. 2011) , and it was estimated that 41% of the 496 Tg C/yr increase in boreal forest C storage between 1990 and 2007 occurred in litter and soil C pools. While the estimated changes in boreal forest vegetation C and dead wood biomass by Pan et al. (2011) are reasonably constrained by forest inventory measurements, changes in organic and mineral soil C pools have been based on model estimates in which soil C tends to increase with increasing vegetation C storage. There are concerns that the sink in some boreal regions is weakening and may have become a source due to wildfire and other disturbances (McGuire et al. 2010a , Hayes et al. 2011 , Stinson et al. 2011 , Turetsky et al. 2011 . Several regional analyses indicate that permafrost thaw and increases in wildfire associated with climate warming could release substantial amounts of soil C from boreal forests in the future , Balshi et al. 2009 , Schaefer et al. 2011 , Schneider von Deimling et al. 2012 . Such losses have consequences for the global climate system in that they might enhance the rate of climate warming and therefore may compromise efforts to mitigate the rise of CO 2 in the atmosphere. Thus, there is a need to more comprehensively analyze how soil C stocks of boreal forests are responding to climate warming and changes in the fire regime.
One limitation of regional analyses to date is that they have treated soil organic horizons as static with respect to estimating the effects of warming and fire on organic soil horizon thickness and composition, and thus, on soil thermal dynamics and hydrology. Yet, the thickness and composition of soil organic horizons are quite variable in both space and time in Alaska , Johnson et al. 2011 . Site-specific modeling analyses indicate that the thickness and structure of soil organic horizons have important influences on soil thermal dynamics that affect biogeochemical responses to soil warming and wildfire (Zhuang et al. 2002 , Yi et al. 2007 . It is important to consider the dynamics of soil organic horizons because these horizons play a critical role in permafrost stability, as they insulate permafrost from summer air temperature (Yi et al. 2007 , O'Donnell et al. 2009a , b, Jorgenson et al. 2010 . Yi et al. (2007) showed that soil organic horizons can protect permafrost from degradation caused by climate warming. However, the removal of soil organic horizons by fire exposes permafrost to thaw by modifying surface energy balance and soil thermal conditions, and in a warming climate, permafrost may undergo long-term thaw from this exposure (Yoshikawa et al. 2003 , Yi et al. 2009b , 2010 . It is therefore important to represent the dynamics of soil organic horizons in assessing how soil C responds to both climate warming and changes in fire regime.
Thus, a key challenge to assessing regional changes in carbon stocks in the boreal forest is to represent how the structure and composition of soil organic horizons response to climate warming and changes in fire regime. In this study we applied a large-scale ecosystem model representing the dynamics of organic soil horizons to estimate changes in forest C stocks of the YRB in Alaska and Canada from 1960 through 2006. The YRB has experienced substantial warming of climate and increases in wildfire extent and severity over this time period (Kasischke and Turetsky 2006 . Our objective in this study was to use the model as a tool to quantify the relative roles of warming and changes in fire regime on simulated changes in forest vegetation and soil C stocks of the YRB from 1960 to 2006, and consequently, changes to the strength of the boreal forest CO 2 sink in the region. Our analysis is also relevant to whether the tools used in assessments of regional to global carbon dynamics should consider the dynamics of organic soil horizon structure and composition in assessing how C storage of boreal forests respond to ongoing and projected climate warming and changes in fire regime. To our knowledge, this is the first regional application of a model that includes these types of dynamics of organic soil horizons in boreal forests.
MATERIALS AND METHODS

Overview
In this study we used the dynamic organic soil version of the Terrestrial Ecosystem Model (DOS-TEM; Yi et al. 2009a Yi et al. , b, 2010 as a tool to understand the relative roles of climate warming and changes in fire regime on the dynamics of forest ecosystem C in the YRB from 1960 to 2006. The DOS-TEM has been designed to explicitly represent the effects of fire on interactions among soil thermal and hydrologic dynamics, the structure of organic soil horizons, and ecosystem biogeochemistry. For this study, we modified the decomposition dynamics of DOS-TEM to represent multiple C pools of different quality within different layers of the organic and mineral soil horizons. We then parameterized and calibrated the DOS-TEM for black spruce, white spruce, and deciduous forest types based on soil C pools from a soil C database for interior Alaska and based on estimates of vegetation biomass C and N pools and fluxes from studies conducted by the Bonanza Creek Long-Term Ecological Research (LTER) forest sites located near Fairbanks, Alaska. The model was then validated by comparing simulated estimates of forest aboveground biomass and soil organic horizon thickness to those of a forest inventory database in Alaska. We then applied the model to analyze changes in forest vegetation and soil C stocks of the YRB from 1960 to 2006, driven by historical climate (monthly from 1900 to 2006) and a historical fire database (from 1960 to 2006; ''historical simulation''). We analyzed changes in estimated C stocks of 13 subbasins of the YRB in relation to the amount of warming and fire experienced by each subbasin between 1960 and 2006. To evaluate the relative importance of warming and changes in the fire regime on C stocks of the entire basin over this time period, we conducted a factorial analysis to evaluate the effects of climate warming (historical vs. detrended air temperature) and changes in fire regime (historical vs. normalized fire regime).
Model description and development
Previous versions of the Terrestrial Ecosystem Model (TEM) have been applied to evaluate how historical changes in climate and fire regime influence regional C dynamics of northern high-latitude ecosystems (Balshi et al. 2007 , McGuire et al. 2010b , Hayes et al. 2011 ). However, these applications treated soil thermal and hydrologic dynamics based on a static description of the thickness of soil organic horizons and did not represent how the alteration of soil organic horizons by fire influence biogeochemistry through the coupled responses of soil thermal and hydrologic dynamics. In sitespecific evaluations of static vs. dynamic implementations of organic soil in TEM, Yi et al. (2010) showed that, without the dynamic linkage between organic soil horizon thickness and C content, the model overestimates soil C in deep mineral soil horizons of dry black spruce ecosystems of interior Alaska. Furthermore, the results of Yi et al. (2010) show that both soil drainage and fire frequency are important in the C dynamics simulated by DOS-TEM, and should be considered in spatial applications of the model. In this study, we describe one of the first regional applications of DOS-TEM that considers spatial variability in soil drainage and both spatial and temporal variability in fire frequency across the YRB to evaluate how climate warming and changes in fire regime influence C cycling in the basin. The development and testing of DOS-TEM at individual sites for black spruce forest have been described by Yi et al. (2009a Yi et al. ( , b, 2010 . Here we provide a general description of the DOS-TEM model framework, and describe the additional development of the version of DOS-TEM used in this study.
There are four components in DOS-TEM: the environmental module (EnvM), the ecological module (EcoM), the fire effects module (FEM), and the dynamic organic soil module (DOSM) (Fig. 1) . The purpose of the EnvM is to provide the EcoM with information on the atmospheric and soil environment and to provide the FEM with information on the soil environment. Specifically, the EnvM calculates the dynamics of biophysical processes driven by data on climate, landscape position, mineral soil texture, leaf area index (from the EcoM), and soil structure (from the DOSM). In the DOSM, a soil column is composed of four types of ''horizons'' including moss (live surface material), fibrous organic (slightly decomposed fibric organics), amorphous organic (moderately to very decomposed organics with amorphous material), and mineral horizons. Within each horizon, there can be one to several ''layers'' of prescribed thickness to accurately resolve soil thermal and hydrologic dynamics. The C content of each of the layers within the fibrous, amorphous, and mineral horizons is explicitly tracked in the DOSM.
The EnvM operates at a daily time step driven by daily air temperature, vapor pressure, surface solar radiation, and precipitation, which are interpolated from monthly input data. The EnvM considers the radiation and water fluxes among the atmosphere, canopy, snow pack, and soil. Changes in the thickness of moss and the fibrous and amorphous organic horizons are calculated by the DOSM based on information from the EcoM. Each horizon can have one to multiple layers depending on the thickness of the horizon. Soil moisture and temperature are updated by the EnvM for each layer on a daily basis. A twodirectional Stefan algorithm is used to predict the positions of freezing/thawing fronts in the soil. The temperature of soil layers above the top freezing/ thawing front and below the bottom freezing/thawing front is updated separately by solving finite difference equations. Temperatures of the soil layers between the first and last freezing/thawing fronts are assumed to be at the freezing point. Soil moisture is only updated for unfrozen layers by solving the Richards' equation. Both the thermal (e.g., thermal conductivity and heat capacity) and hydraulic properties (e.g., hydraulic conductivity) of soil layers are affected by their water content. It is important to recognize that the EnvM only models vertical thaw/freeze and does not model subsidence associated with the thawing of ice in soil thermal layer. Thus, the model does not consider the effects of themokarst disturbance that might be associated with thawing permafrost. The simulated estimates of daily evapotranspiration, soil temperature, and moisture are averaged to monthly values, and provided to EcoM. See Yi et al. (2009b) for more details on the EnvM and an evaluation of the performance of the soil temperature and moisture simulations by the module.
The EcoM uses information on atmospheric chemistry, atmospheric, and soil environmental conditions calculated by the EnvM, soil structure (from the DOSM), and the effects of disturbance on soil and vegetation C and N pools (from the FEM) to simulate vegetation and soil C and N pools of the ecosystem (Fig.  1) . Information on soil C changes is provided to the DOSM yearly so that it can alter the thicknesses of organic soil horizons. In contrast to previous versions of TEM, DOS-TEM (Yi et al. 2010 ) simulates the dynamics of three different soil horizons (the fibrous, amorphous, and mineral soil horizons). Because the decomposition rates in the model are defined separately for each horizon, this version of TEM is capable of representing multiple soils of different quality that are stratified vertically. The C from litterfall is divided into aboveground litterfall and belowground litterfall (root mortality). Aboveground litterfall is assigned only to the first layer of the fibrous horizon, while belowground litterfall is assigned to different layers of the three horizons based on the fractional distribution of fine roots with depth. The dynamics of coarse woody debris, an important C pool associated with fire disturbance in the boreal forest (Manies et al. 2005) , are also considered in DOS-TEM. EcoM was run at a monthly time step. More details on the implementation of EcoM can be found in Yi et al. (2010) .
The two primary modifications we made to EcoM in this study involved (1) the representation of multiple soil C pools within each layer of the fibrous, amorphous, and mineral soil horizons in DOSM; and (2) the way in which the normalized foliage growth index is estimated in the EcoM. In the original version of EcoM, soil C was tracked as a single pool for each layer of the fibrous, amorphous, and mineral soil horizons. In this study, we implemented the conceptual model of Jenkinson and Rayner (1977) where litter first decomposes into two C pools, decomposable plant material, and resistant plant Modules include the daily environmental module (EnvM), the monthly ecological module (EcoM), the annual fire effects module (FEM), and the dynamic organic soil module (DOSM). ''Forcing'' indicates drivers of the modeled processes, i.e., inputs needed to run the model. The arrows show how the data flow between the modules. material. Because the DOS-TEM calibrates decomposition rates, we classified ground organic materials and soil organic matter (SOM) into four C pools within each layer of the fibrous, amorphous, and mineral horizons: (1) a coarse plant material pool (litter), (2) an active soil C pool (i.e., soil biomass C) with very quick decomposition, (3) a physically resistant soil C pool of moderate decomposition, and (4) a chemically resistant soil C pool of nearly stabilized (very slow decomposition), which also represents the charred C that is retained during fire.
In the model, total litterfall C (C ltfl ), i.e., the inputs into the coarse plant material pools, is first calculated as the proportion of total vegetation C in each time step:
where CFALL v is a vegetation-specific parameter. Total litterfall C then is partitioned into above-and belowground components based on the vegetation-specific aboveground to belowground ratio. Aboveground plant litterfall is input into the coarse plant material C pool within the top layer of the fibrous horizon, and belowground plant litterfall (root turnover or mortality due to fire) is input into those coarse-plant material C pools in their rooted layers according to a prescribed root fraction distribution with depth prescribed from observations. Decomposition of C in the plant material pool and the further decomposition of three resultant SOM component pools (i.e., active, physically and chemically resistant pools) results in the transfer of 7.6% of that C into the active C pool, 12.5% into the physically resistant C pool, 0.35% into the chemically resistant C pool, and the remainder is released as CO 2 into the atmosphere (Jenkinson and Rayner 1977) . Based on these percentages, 0.0955, 0.1571, and 0.0044 g C of active, physically resistant, and chemically resistant SOM, respectively, would be formed, if 1 g C of CO 2 is respired into the atmosphere, or, the ratio of total SOM-C to CO 2 -C production is 0.2570 in soil C decomposition.
In DOS-TEM, therefore, the release of CO 2 into the atmosphere is first calculated as the heterotrophic respiration (R H ) from each layer for each C pool as described by Yi et al. (2010) as follows:
where i is the soil horizon index and j is one of the four soil organic material pools (i.e., coarse plant material and the three SOM components), K D is the respiration rate at 08C (month
À1
), C S is the soil C stocks (g C/m 2 ), and f(M v ) and f(T s ) are the soil moisture and temperature factors, respectively.
Then, from litterfall (Eq. 1) and CO 2 heterotrophic respiration (Eq. 2), the change of the coarse plant material C can be estimated for the surface layer (C SL,0 in Eq. 3a), and multiple belowground soil layers (C SL,i for the ith layer in Eq. 3b) as follows:
where C ltfl is the total litterfall C (g C/month) from Eq. 1; F above and F below are the litterfall fractions of aboveground vegetation and belowground roots, respectively; F root is the root distribution fraction for each layer of the soils; R HL,i is the coarse plant material CO 2 respiration rate (Eq. 2) in the ith layer (with 0 indicating the surface layer receives aboveground litterfall); and r tsom is the ratio of total SOM production to CO 2 respired (i.e., 0.2570 in this study).
For the three SOM C components (C Sj,i for the jth pool in the ith layer; Eq. 4), the transformation associated with CO 2 respiration from all four C pools will add to each SOM C pool, so their changes can be estimated as
where R Ht,i and R Hj,i are total and the jth soil C pools CO 2 respiration in the ith soil layer; and r tsom is the ratio of total SOM production to CO 2 respired (i.e., 0.2570) and r jsom is the ratio of the jth SOM pool production to CO 2 respired (i.e., 0.0955, 0.1571, and 0.0044 for active, physically resistant, and chemically resistant SOM, respectively).
To properly represent the vertical distribution of SOM, a portion of soil organic matter in the model is assumed to be transferred among the three types of horizons: fibrous, amorphous, and mineral. As a simplification of the relevant processes, the model assumes that all three SOM pools from coarse plant material decomposition in the fibrous horizon would be deposited into the underlying amorphous horizon. The fibrous horizon therefore remains relatively coarse textured as it accumulates, and the amorphous horizon contains mostly humified products, in which root mortality is the only source of coarse plant materials. Similarly, a portion (arbitrarily set to 7.5% in this study) of the SOM products from decomposition in the amorphous horizon are transported down and mixed into the top 25 cm mineral horizon. In this way, the mineral horizon accumulates SOM not only through root mortality, but also through the transfer of humified material from the amorphous horizon.
In the EcoM, the calculation of gross primary production (GPP) depends in part on the canopy leaf biomass (C vL ) growth scalar and the normalized foliage growth index, f(FOLIAGE), in which C vL is normalized to a theoretical maximal possible leaf biomass (C vLmax ) for each vegetation type. The calculation of f(FO-LIAGE) is critical to determining the increase in vegetation C after fire disturbance. In previous versions of TEM, this function was represented as a simple hyperbolic relationship with vegetation C. Because a more realistic relationship between canopy leaf biomass and vegetation is described by a sigmoid function, we changed the shape of this relationship so that the normalized index depends on a logistic relationship with vegetation C as described by Zhuang et al. (2002) :
where, m 1 and m 2 are empirical parameters, and f(C v ) is hyperbolic function of total vegetation C (C v ),
where m 3 and m 4 are empirical vegetation-specific parameters.
The FEM simulates how fire affects C and N pools of vegetation and soil, including combustion emissions to the atmosphere, the fate of uncombusted C and N (live biomass transferred to dead organic matter pools), and the flux of N from the atmosphere to the soil via biological N fixation or deposition in the years following a fire. The amount of soil C combusted is determined by comparing the distribution of soil C with depth to the depth of burn estimated by the FEM. The depth of burning in the organic horizons is based on an index of burn severity ranging from 0 to 1 that depends on the fire season (e.g., early vs. late summer), fire size year (percentage of area burned in interior Alaska), and soil drainage type based on Turetsky et al. (2011) (see Yi et al. 2010 for details) . At the time of fire, aboveground vegetation is divided into three parts: live vegetation (1% of prefire aboveground vegetation assumed), combusted vegetation based on French et al. (2002) , and uncombusted vegetation. The belowground vegetation was divided into three parts: live roots (1% of prefire roots), uncombusted dead root C, and combusted roots. The amount of uncombusted and combusted roots were determined by comparing the prefire root with the depth of burning into the organic soil horizons. The C in the moss layer was assumed to be completely combusted. N generally follows the fate of C based on C:N ratios of vegetation and soil with the exception that some volatilized N is retained by the ecosystem (a fraction of about 0.3 according to Harden et al. 2004 ). The net amount of N lost from the ecosystem as a result of fire is reintroduced into the system from the atmosphere annually after a fire in equal annual amounts determined by dividing the total net N lost to the atmosphere during the most recent fire event by fire return interval (FRI). The FEM is implemented once annually if a fire is prescribed.
The DOSM recalculates soil organic thickness after soil C pools are altered by ecological processes and fire disturbance based on the relationships between soil C content and soil organic thickness of different types of organic horizons in black spruce stands (Yi et al. 2009a) . Based on an analysis of soil organic C in Alaska (Johnson et al. 2011) , these relationships are appropriate for white spruce and deciduous forests in Alaska. Once the thickness of each organic soil horizon (i.e., fibrous and amorphous) is determined, DOSM calculates the number of layers in each organic horizon and the thickness of each layer to maintain stability and efficiency of soil temperature and moisture calculations. When fire occurs, the unburned fibrous organic horizon is transferred to the amorphous organic horizon, following Harden et al. (2000) , and a 2-cm fibrous organic layer is immediately added on top of amorphous organic layer. In this way, the fibrous organic horizon can start accumulating litterfall and grow.
Model parameterization
We parameterized and calibrated DOS-TEM for three major forest types of the YRB Billings 2002, Calef et al. 2005) in upland and lowland landscape positions: (1) black spruce (Picea mariana (Mill.) BSP), (2) white spruce (Picea glauca (Moench) Voss), and (3) broadleaf deciduous forests consisting of either quaking aspen (Populus tremuloides Michx.), paper birch (Betula papyrifera March.), or balsam poplar (Populus balsamifera L.).
The parameters for the f(FOLIAGE) calculation were based on data sets of forest age sequence stand-level measurements that characterize the vegetation C growth curves for black spruce (Bond-Lamberty and Gower 2007), white spruce (Yarie and Van Cleve 1983) , and quaking aspen (for broadleaf deciduous forest; Wang 1995) (Fig. 2a) . Because the data for differentiating vegetation growth patterns into upland and lowland stands only exists for black spruce, we did not develop separate sets of parameters for f(FOLIAGE) for upland and lowland white spruce and deciduous forests. To translate the growth curves of Fig. 2a into the dependency of normalized foliage growth on stand age (Fig. 2b) , we assumed that (1) maximum foliage biomass occurs when the maximum growth rate is achieved, and (2) foliage biomass is exponentially related to vegetation C prior to canopy closure, after which foliage biomass remains at its maximum. The normalized foliage growth index in Fig. 2b was then directly related to vegetation C in Fig. 2a to determine the parameters in the f(FO-LIAGE) calculation.
We then calibrated the rate-limiting parameters in the EcoM of DOS-TEM based on a soil C data set for interior Alaska and studies of vegetation C and N pools and fluxes by the Bonanza Creek LTER program. We identified the target values of soil C for each of the three forest types in the two landscape positions as the mean soil C plus one standard deviation (SD) from a soil C database compiled for interior Alaska (Table 1; Johnson et al. 2011; National Soil Carbon Network [NSCN] , data available online).
11 For the target values of vegetation C and N pools and fluxes, we adopted the 11 http://www.fluxdata.org/nscn/SitePages/Home.aspx estimates for lowland black spruce, upland and lowland white spruce, lowland balsam poplar, and upland birch--aspen reported by Ruess et al. (1996) (Table 1) . The target values of vegetation C and N pools and fluxes for upland black spruce were based on the estimates from Vogel et al. (2005) .
Model validation using the Cooperative Alaska Forest Inventory database
We ran the DOS-TEM at 119 of 191 survey sites, each of which contains three permanent sample plots (PSPs), in the Cooperative Alaska Forest Inventory (CAFI) database (Malone et al. 2009 ). The 119 sites were those in which the dominant tree species in each site was responsible for .75% of the basal area ( Table 2 ). The climatic variables for those sites were extracted from a 0.58 3 0.58 climate database for the YRB region. Historical fire occurrence was estimated from a 1 3 1 km fire database for the region that started in the early 1950s , Balshi et al. 2007 , and this database was also used to estimate the stand age for each of the sites. The initial soil organic content in 1900 of each site was obtained by an equilibrium simulation in year 1000 using the mean 1901-1930 climate followed by a 900-year spin-up simulation that repeated the 1901-1930 climate 30 times and burned the sites at regular intervals prior to 1900. The model was then run with the historical climate from 1901 to 2006 and burned during that time to reproduce the estimated stand age. The simulated soil organic layer thicknesses in 2006 were compared to the measurements from the CAFI database for 106 of the 119 sites (16 for black spruce, 34 for white spruce, and 56 for deciduous species). For vegetation aboveground biomass, the comparison was conducted between the simulation and forest standing biomass C estimation derived from the CAFI's diameter at breast height (dbh) and tree density according to the allometric equations developed by Yarie et al. (2007) .
Model application for boreal forests in Yukon River Basin (YRB) from 1960 to 2006
After validating DOS-TEM, we then applied the model to estimate changes in boreal forest vegetation and soil C storage for the entire YRB. The YRB has an area of 856 385 km 2 , and contains 13 subbasins (Table  3) . We used the vegetation database developed by Calef et al. (2005) in our model application. The forested area of the basin is 422 794 km 2 (about 49%), and non-forest vegetated area (including upland tundra) occupies 391 480 km 2 (46%) of the basin. The remaining 5% of the basin is barren land and water bodies. About 71% of the forested area is distributed in the seven lower and mid-YRB subbasins that primarily occur within Alaska. About half of the forested area of the YRB is black spruce, and white spruce and deciduous forest species each occupy ;25% of the forested areas of YRB (Table  3) . Based on the USGS Compound Topographic Index (CTI) database (1 3 1 km) we estimated that ;41% of the forested area (22.5%, 7.9%, and 10.9% for black spruce, white spruce, and deciduous forests, respectively) in the YRB are located in wet lowlands (CTI ! 5), while 59% of the forested area (28.0%, 16.9%, and 13.7% for black spruce, white spruce and deciduous trees, respectively) occupy dry uplands (CTI , 5) (CTI database available online). In this study, historical data on wildfires in the Alaska part of the YRB are available since the early 1950s, and those for the Canada part of the YRB are available since 1960. Therefore, we focused on the time period from 1960 through 2006. During this analysis period , the mean annual air temperature over the YRB increased by 0.0478C per year, i.e., about 0.58C per decade, while precipitation did not change appreciably (Fig. 3) , based on the extended Climate Research Unit (CRU) data sets described in McGuire et al. (2010a) and Hayes et al. (2011) . Across the 13 subbasins in the YRB, warming trends for 1960-2006 varied from þ0.0448C to þ0.0568C per year (Table 3) .
Fire frequency between 1960 and 2006 varied substantially across the 13 subbasins of the YRB, ranging from essentially no fire in two upstream basins (Teslin River and Yukon Headwaters basins) to about half of the area burned in the Koyukuk River and Eastern Central Yukon River basins (Table 3) . Over the entire YRB, there were three major episodes of fire that occurred in 1969, around 1990, and in 2004-2005 (Fig.  4) . The area that burned annually between 1990 and 2006 (17.9% YRB burned in this time period, or 1.1% per year) was nearly three times greater than between 1960 and 1989 (12.2% YRB burned in this time period, or 0.4% per year). In this study, we treated the distribution of fire between 1960 and 1989 as the normalized fire regime and estimated a baseline fire return interval (FRI) for each 0.58 3 0.58 grid cell in the basin using the approach described by Balshi et al. (2007) . This FRI database was used to specify fire occurrences throughout the YRB from year 1000 until the first fires identified by the historical databases of fire in Alaska and Canada.
The general procedure for an application of DOS-TEM to each 1 3 1 km grid cell of the YRB involved three continuous stages: a dynamic equilibrium simulation in year 1000, which was then followed by a 900-year spin-up simulation from 1001 to 1900, and a transient simulation from 1901 to 2006 (Yi et al. 2010) . The dynamic equilibrium simulations were conducted for all combinations of vegetation types and landscape positions within each 0.58 3 0.58 grid covering the whole YRB, using mean monthly climate drivers of solar radiation, air temperature, precipitation, and air vapor pressure which were averaged between 1901 and 1930 from the historical climate data set described by McGuire et al. (2010a) and Hayes et al. (2011) . The 900-year spin-up simulations from year 1001 to 1900 were driven by 1901-1930 historical climate data (Ruess et al. 1996 , Vogel et al. 2005 , and the data source for soils is the Alaska Soil Organic C Database (Johnson et al. 2011 ). Abbreviations are: GPP, gross primary productivity; NPP, net primary productivity. repeatedly for each 1 3 1 km cell of the YRB; the 1 3 1 km resolution of the climate data were generated by a simple resampling from the 0.58 3 0.58 historical climate data set. The 1 3 1 km transient simulations from year 1901 to 2006 were driven by the resampled historical climate data. Fire occurrences applied for 20 fire cycles during the dynamic equilibrium simulations were based on the FRI data set; if FRI exceeded 1000 years, it was set to 1000 years. For the spin-up and transient simulations prior to the start of fires in the historical fire database, fire occurrences were backcasted using the same FRI data sets, but were geographically smoothed and then randomly staggered over time. Fires in the historical fire database were implemented in the latter part of the transient simulations.
The application of DOS-TEM to the YRB for the time period 1960-2006 is referred to as the ''historical simulation. ' ' In order to analyze the relative importance of warming and fire regime change on C stock changes, we conducted a factorial model simulation experiment as follows: (1) the ''þWarming and þFire'' simulation, which is the ''historical simulation'' as driven by historical climate (from 1901-2006) and observed fire regime ; (2) the ''ÀWarming and þFire'' simulation driven by detrended air temperature and observed fire regime; (3) the ''þWarming and ÀFire'' simulation driven by historical climate warming and a normalized fire regime beginning in 1960; and (4) the ''ÀWarming and ÀFire'' simulation driven by detrended air temperature and normalized fire regime.
The detrended air temperature data set used in simulations 2 and 4 in the paragraph above was generated by detrending monthly air temperature between 1960 and 2006 for each 0.58 3 0.58 grid cell; see Fig. 3a for the comparison between the observed and detrended air temperature data of the YRB. The differences between simulations 1 and 2 or between 3 and 4 were used to estimate the effects of warming.
The normalized fire regime data set used in simulations 3 and 4 was generated by using the FRI data set, which was developed from the 1960-1989 fire data, to extend the backcasted fire data set into the 1960-2006 time period. The forest area burned over the YRB between 1960 and 1989 was comparable between the normalized fire data set (55 600 km 2 ) and the historical fire data sets (57 900 km 2 ) (Fig. 4) . However, the forest area burned over the YRB between 1990 and 2006 in this normalized fire regime data set (337 000 km 2 ) was only about half of the area burned in the historical fire data sets (692 000 km 2 ) for that time period. Therefore, comparisons between simulations 1 and 3 or between 2 and 4 allowed us to estimate the effects of changes in fire regime since 1990.
RESULTS
Model evaluation
The TEM simulation of aboveground biomass spanned the range of observed aboveground biomass at the CAFI sites (Fig. 5a ), even though stand age was estimated from the large-scale fire database assembled for regional simulations. Simulated aboveground biomass was unbiased for black spruce stands (slope ¼ 0.98, n ¼ 23, P ¼ 0.758 for difference from 1:1 line), slightly overestimated for white spruce stands (slope ¼ 1.07, n ¼ 36, P ¼ 0.01 for difference from 1:1 line), and significantly underestimated for deciduous forest stands (slope ¼ 0.83, n ¼ 60, P , 0.0001 for difference from 1:1 line). Simulated and observed aboveground biomass were best correlated for black spruce stands (R 2 ¼ 0.52, n ¼ 23, P ¼ 0.0001), and less well correlated for white spruce (R 2 ¼ 0.27, n ¼ 36, P ¼ 0.01), and not significantly correlated for deciduous forest stands (R 2 ¼ 0.22, n ¼ 60, P ¼ 0.11). Given the substantial uncertainties concerning stand age of the CAFI sites and biomass estimation from allometric equations, these results indicate that the model is generally able to simulate aboveground biomass without much overall bias across spatial domain of the CAFI sites, but it performs better for conifer than for deciduous sites.
The comparison between the TEM estimates and observed soil organic horizon thickness at the CAFI sites showed more scatter than the corresponding analysis for aboveground biomass (Fig. 5b) . The model significantly underestimated organic horizon thickness for black spruce stands (slope ¼ 0.87, n ¼ 16, P , 0.0001 for difference from 1:1 line), white spruce stands (slope ¼ 0.66, n ¼ 34, P , 0.0001 for difference from 1:1 line), and deciduous forest stands (slope ¼ 0.72, n ¼ 56, P , 0.0001 for difference from 1:1 line). Simulated and observed thicknesses were best correlated for black spruces stands (R 2 ¼ 0.52, n ¼ 16, P ¼ 0.0016), less well correlated for deciduous forest stands (R 2 ¼ 0.16, n ¼ 56, P ¼ 0.002), and were not significantly correlated for white spruce stands (R 2 ¼ 0.07, n ¼ 34, P ¼ 0.13). However, the spread of data points in Fig. 5b shows two separate sets of points emanating from the origin of graph: a set of points slightly above the 1:1 line, and a set of points substantially below the 1:1 line. The simulation of horizon thickness slightly overestimates the measured thickness for the set of points above the 1:1 line (slope ¼ 1.09, R 2 ¼ 0.41, n ¼ 100, P ¼ 0.001 for difference from 1:1 line). For the set of points substantially below the 1:1 line, the simulated thickness is very well correlated with measured thickness, but underestimates the thickness by 55% (R 2 ¼ 0.87, slope ¼ 0.45, n ¼ 70, P ¼ 0.0003 for difference from 1:1 line). The underestimation of soil organic horizon thickness at nearly 40% of the CAFI sites are likely associated with uncertainties in repre- senting drainage condition, stand age, the legacies of fire history at the plot scale, inaccurate driving climate data for simulations at the sites, and factors not considered in the current version of DOSTEM (e.g., the effects of slope and aspect).
Forest C dynamics from 1960 to 2006
From 1960 to the mid-1970s, the YRB experienced a cold period, which was followed by three decades of warming (Fig. 3) , a pattern that generally occurred throughout northern high-latitude regions (Euskirchen et al. 2007 ). In addition, there were three periods of high fire activity that occurred between 1960 (Fig. 4): in 1969 , from 1988 to 1991 , and in 2004 . The model estimates that total forest vegetation C varied little before 1969 during the cold period, and decreased in response to the large-fire year in 1969 (Fig. 6a) . Forest vegetation C quickly recovered after the 1969 fire and increased above 1960 baseline in parallel with increasing temperatures until around 1990, when it decreased in response to the second period of large-fire activity. Again, forest vegetation C quickly recovered and remained relatively stable until it decreased substantially in response to the recent large fires in 2004 and 2005. Over the entire period from 1960 to 2006, DOS-TEM estimates that forest vegetation C increased 46.2 Tg C (2.3 g CÁm À2 Áyr À1 ). Total soil organic matter (SOM) in the YRB (Fig. 6a) increased slightly in the first half of 1960s during the cold period and even in the fire year of 1969 as organic matter was inherited from substantial input of dead vegetation biomass into the soil. This was followed by several years of SOM loss through the 1980s. SOM increased over both periods of burning (1988-1991 and 2004-2005) and forest regeneration. Over the entire period from 1960 to 2006, DOS-TEM estimated that total forest SOM only increased by 0.4 Tg C.
Although DOS-TEM estimates of total SOM C stocks from the 1960-2006 period did not show significant changes, the model estimated substantial changes in the C content of different soil organic horizons (Fig. 6b) . The fibrous SOM horizon increased in the early 1960s because simulated near-surface inputs (via moss and other litterfall) into this horizon were greater than simulated decomposition losses during this cold period. The large fires that occurred around 1969 and 1990 caused an immediate loss via combustion of C in this horizon followed by gains until the next large-fire period. Between 1960 and 2006, the simulation estimates that the fibrous horizon of the YRB lost 14 Tg C, which represents ;2.6% of the 1960 fibrous horizon C, and mostly occurred during the large fires of 2004 and 2005. In contrast to the fibrous horizon, the amorphous horizon gains SOM C following a large-fire year because of substantial inputs associated with root mortality, uncombusted vegetation biomass, and residual fibrous SOM C that was ''cascaded'' into the amorphous pool following the model structure of Harden et al. (2000) . This was followed by a long period of C loss from the amorphous horizon until the fibrous horizon SOM C built up enough so that the transfer of fibrous SOM C into amorphous horizon exceeds decomposition losses. Between 1960 and 2006, the simulation estimates that the amorphous horizon of the YRB gained 38 Tg C, most of which was from additions associated with fire.
In contrast to both the fibrous and the amorphous horizons, SOM C of the mineral horizon generally decreased starting in the 1970s in association with warming soils, except for two very slight increments during and immediately after large fires (Fig. 6b) . Between 1960 and 2006, the simulation estimates that the mineral horizon of the YRB lost 24 Tg C. This trend is consistent with simulated deepening of the active layer (Fig. 7a occupy ;65% of the YRB), implying more available deep SOM C for decomposition. The continuous mineral horizon C loss is also related to the simulated warming of mineral soil horizons since the mid-1970s (Fig. 7b ) because C inputs were very limited.
Controls of warming and fire on subbasin C stock changes
We analyzed simulated changes in C storage for the 13 subbasins in the YRB with respect to variation in mean annual temperature (MAT) change and fractional area burned in each subbasin to evaluate the relative importance of warming and fire on spatial variability in simulated C storage. Across the subbasins, there was substantial variation in simulated changes in vegetation C (þ30 to À15 g CÁm À2 Áyr À1 ) and total SOM C (þ10 to À10 g CÁm ). Mean annual temperature change of the 13 subbasins was not correlated with simulated changes in forest vegetation C (R 2 ¼ 0.0817, n ¼ 13, P ¼ 0.3437) and total SOM C (R 2 ¼ 0.0569, n ¼ 13, P ¼ 0.4324) (Fig. 8a) . In contrast, changes in vegetation C and total SOM C significantly decreased with increasing fraction of burned forest area between 1960 and 2006 across the subbasins (Fig. 8b) . Forest vegetation C decreased nearly linearly (R 2 ¼ 0.815, n ¼ 13, P ¼ 0.00003) and total SOM C stocks decreased nonlinearly according to a quadratic relationship (R 2 ¼ 0.684, n ¼ 13, P ¼ 0.003). From these relationships, it appears that ;0.70% area burned per year within a subbasin is the point at which a subbasin switches from being a sink to a source of C. Note that (Table 3) , which is just below the sink-source transition point.
Controls of warming and changes in fire regime on whole basin C stock changes
We conducted four simulations in a factorial warming vs. fire analysis to separate the relative effects of warming and changes in fire regime on C stock changes in the YRB. The dynamics of these effects are shown in Fig. 9 and are summarized in Table 4 . The warming climate gradually and steadily increased forest vegetation C stocks since the mid-1970s in comparison with the detrended air temperature (''Warming'' effect in Fig. 9a ) primarily because of longer growing seasons and increased nitrogen availability. In contrast, the observed fire regime did not substantially reduce forest vegetation C stocks in comparison to the normalized fire regime 1) þWarming and þFire þ46 þ0.4 þ46 2) ÀWarming and þFire À61 þ92 þ31 3) þWarming and ÀFire þ183 þ91 þ274 4) ÀWarming and ÀFire þ58 þ158 þ216
Total warming and change in fire regime effect (1 À 4) À12 À158 À170 Warming effect (3 À 4) þ125 À67 þ58 Change in fire regime effect (2 À 4) À119 À66 À185 Interaction effect (total effect -warming effect -change in fire regime effect) À18 À25 À43
Note: þWarming indicates historical climate warming, ÀWarming indicates de-trended air temperature; þFire indicates historical (enhancing) fire regime, and ÀFire indicates normalized fire regime.
until the very large-fire years of the 2000s (''Fire regime change'' effect in Fig. 9a ). The combination of warming and changes in the fire regime generally caused vegetation C stocks to increase in a fashion similar to that of the simulation driven by historical temperature but normalized fire regime until the very large-fire years of the 2000s (''Warming þ fire regime change'' effects vs. ''Warming'' effect in Fig. 9a) . In summary the warming effect alone on forest vegetation C 1960-2006 was approximately þ125 Tg C, the fire regime change effect was about À119 Tg C, and the interaction was À18 Tg C (Table 4) . Based on these different model scenarios, we calculated a total warming and fire regime change effect of À12 Tg C for boreal forest ecosystems of the YRB from 1960 to 2006.
In contrast to effects on vegetation C, both warming and change in fire regime decreased SOM C stocks (Fig.  9b-e) . Warming alone from 1960 to 2006 caused continuous and steady decline of SOM C in the two organic horizons and in the mineral horizon, resulting in a cumulative total SOM loss of 67 Tg C (Table 4 ). The effect of change in fire regime on the temporal pattern of SOM C varied among the different horizons. The changing fire regime resulted in greater losses from the fibrous horizon during big fire years, but the fibrous horizon tended to recover between large-fire years relatively quickly (''Fire regime change'' in Fig. 9c ), compared to in the amorphous and mineral horizon (''Fire regime change'' Fig. 9d and e) . Changes in the fire regime caused C in both the amorphous and mineral horizons to increase immediately after a large-fire year due to transfers of organic material from root mortality and other soil organic horizons, but these horizons subsequently lost C for several years after the large-fire years. The changing fire regime caused SOM of YRB forests to lose 66 Tg C from 1960 to 2006, which was very similar to the effect of warming on SOM C (Table  4) . In summary, both warming and fire regime change resulted in 158 Tg C lower SOM than would have occurred without warming and changes in fire regime.
For the combination of vegetation and SOM C in forested areas of the YRB, warming alone increased ecosystem C stocks by 58 Tg C from 1960 to 2006, changes in the fire regime caused a loss of 185 Tg C, and the interaction of warming and changes in the fire regime resulted in an additional C loss of ;43 Tg (Table  4 ). The resultant loss of ecosystem C caused by warming and fire regime change was 170 Tg C (Table 4 ) less in comparison to a simulation without warming and with a normalized fire regime.
DISCUSSION
In this study we validated and applied a biogeochemical model with soil organic dynamics, the DOS-TEM, to estimate changes in forest C storage between 1960 and 2006 over the YRB, which has experienced substantial warming and increases in wildfire in recent decades. Because both warming and wildfire affect terrestrial C release, this model provided us with a tool for understanding interactions among climate, disturbance, soil structure, and soil environment on ecosystem C dynamics. Here we discuss (1) how the results of this study relate to the issue of the weakening of the boreal C sink and (2) the limitations of our application of DOS-TEM. We conclude by providing thoughts on the implications of the findings of this study for mitigation efforts in support of climate policy and the application of regional biogeochemical and earth system models in assessments of carbon dynamics.
Are warming and changes in fire regime weakening the strength of the C sink in the YRB?
Our analyses with DOS-TEM indicate that forest vegetation C storage increased in the YRB by 46 Tg C between 1960 and 2006, which is 2.3 g CÁm À2 Áyr À1 over this time period, but that soil C storage did not change appreciably. Although there was essentially no net response of soil C storage, our analyses suggest that C has been continuously lost from the deep mineral soil horizon since warming began in about 1970. There was an increase of C in the amorphous horizon in our simulations, largely because this horizon grows from the transfer of C from the fibrous organic horizon after fire, which is consistent with field studies (Harden et al. 2000) . Also, the factorial experiment we conducted indicates that warming and increases in wildfire reduced soil C storage by 158 Tg C when compared to scenario of no warming and normalized fire regime from 1960 to 2006. The effects of warming and fire contributed approximately equally to this difference, but interactions between warming and fire were responsible for 25 Tg C (16%) of the 158-Tg C reduction. This large interaction suggests that the reduction of organic horizon thickness associated with wildfire increased the vulnerability of deep-soil C stocks to warming. Much of the 158 Tg C difference was caused by the very large fires of 2004-2005 at the end of study period . It is important to note that soil C stocks are likely to continue to decrease for a decade or more because of warmer soils and gradually reduced C inputs to the soil. Thus, the long-term effects of the 2004-2005 fires have not been fully taken into account in our analysis.
Warming and increases in fire together reduced forest vegetation C storage by only 12 Tg C, but the effects of warming were to increase C storage by 125 Tg C and the effects of changes in fire regime were to decrease C storage by 119 Tg C. In the DOS-TEM simulations, warming tends to increase vegetation C storage because of the longer growing seasons that have been occurring in the YRB region (Euskirchen et al. 2006 , Euskirchen et al. 2007 , and because enhanced decomposition increases the availability of soil N to forest vegetation in which growth has been documented to be limited by the availability of N (Yarie and Van Cleve 2010) . This tendency for warming to increase vegetation C storage in our simulations is only slightly offset by the combination of the effects of a changing fire regime and by the interaction between warming and changing fire regime. We interpret this interaction as the combustion of more vegetation C stocks in forests where growth has responded to warming.
Although the basin-level analyses indicate that warming and changes in fire regime are approximately equivalent in their effects on changes in forest vegetation and soil C storage, our analysis across subbasins indicates that C stock changes are primarily sensitive to the fraction of burned forest area within each subbasin. The fraction of area burned across the entire YRB between 1960 and 2006 is approximately at the sink-to-source transition point identified by the subbasin analysis. Taken together, the factorial model experiment and the subbasin analysis indicate that both warming and changes in the fire regime are weakening the C sink in the YRB, and that continued warming and more frequent fires are likely to lead to further weakening of the sink or possible reversal to a source. This is consistent with the analysis of Hayes et al. (2011) .
Limitations of the application of DOS-TEM to the YRB
Several key limitations of the application of DOS-TEM to the YRB in this study include issues of model evaluation, representation of successional trajectories, representation of disturbance legacies, and specification of burn severity. Our approach to the model evaluation was to compare the site-specific application of DOS-TEM parameterizations with observed forest biomass and organic horizon thickness at the CAFI sites. The simulation of forest biomass was unbiased for black spruce, slightly overestimated for white spruce, and slightly underestimated for deciduous forests. In contrast, there was much more scatter in simulating soil organic horizon thickness at the CAFI sites, and there seemed to be a set of sites for which there was little bias and a set of sites in which DOS-TEM estimated soil organic horizon thickness that was ;50% of observed thickness. We do not have information on disturbance history for the CAFI sites, so it is not clear if the underestimation of soil organic horizon thickness is associated with the way the model was applied to the sites, or is indicative of measurement biases, or represents one or more fundamental factors not considered in the model itself (e.g., the effects of slope and aspect).
We only evaluated the model at the CAFI sites dominated by a single tree species (about two-thirds of the CAFI sites). We assumed that these sites were representative of self-replacement successional dynamics, which was the way that the model was applied to represent succession after fire. Studies associated with the Bonanza Creek LTER indicate that self-replacement of black spruce primarily occurs when there is .3 cm of the organic horizon remaining after fire, but that deciduous forest successional trajectories are possible if ,3 cm remains (Johnstone et al. 2010) . It has been estimated that fires in the 2000s may have reduced the area of black spruce stands by 4.2% and increased the area of deciduous forest stands by 20% in interior Alaska because of the burning of soil organic horizons in black spruce stands to ,3 cm . In comparison to successional trajectories involving black spruce, we have much less understanding of alternative successional trajectories for burned white spruce and deciduous forest stands; these alternative trajectories are currently being studied by Bonanza Creek LTER researchers. Ongoing model development is presently being focused on the interactions among burn severity of the soil organic horizon and successional trajectories in black spruce stands of interior Alaska, and will be directed to represent other trajectories as they become better understood.
In our application of DOS-TEM to the YRB, we used a backcasting methodology prior to the start of the historically recorded fires (1950s in Alaska, and 1960 in Canada) . This uncertainty in representing fire history affects the simulated stand age distribution and the distribution of soil organic horizon thickness across the landscape of the YRB. We did not have good information on stand age distribution because ongoing U.S. and Canadian inventories do not extend into the YRB. Furthermore, severe insect disturbance of forests in interior Alaska affects an area similar to that of fire on average , and is not represented in the regional simulations of DOS-TEM. Insect infestation has the potential to substantially affect regional C storage Apps 1999, Kurz et al. 2008) . If the area being affected by insect infestation is increasing in the YRB in response to climate change as in other regions of the boreal forest in North America (e.g., see Hogg et al. 2002) , we would expect the C sink in the YRB to be weakened more than what has been estimated in this study.
Another key limitation is the representation of burn severity, in particular with respect to how burn severity affects the thickness of soil organic horizons. Both the combustion of aboveground vegetation C and the depth of burning in the soil organic horizons are based on a table involving fire season, area burned in interior Alaska since the 1950s, and soil drainage type (Yi et al. 2010) . More sophisticated models of burn severity have recently been developed for black spruce forest in interior Alaska (e.g., Barrett et al. 2010 Barrett et al. , 2011 , and these models have the potential to drive fire severity based on topography, spectral information, spatial characteristics of a fire, and fire characteristics. An important next step in our modeling efforts is to modify the FEM of DOS-TEM to implement a more sophisticated burn severity approach.
CONCLUSION
The changes in the strength of boreal forest CO 2 sinks suggested by this analysis have implications for global carbon management policy. Attempts have been made to identify anthropogenic emission targets that, given the current rates of sequestration in terrestrial ecosystems, would result in atmospheric CO 2 concentrations stabilized at levels that mitigate the effects of future climate change. Our analysis for the YRB suggests that climate warming and associated changes in fire regime resulted in no appreciable change in soil C storage between 1960 and 2006, but that soil C storage would have increased 158 Tg C in the absence of climate warming and changes in fire regime. Such reductions in the CO 2 sink capacity of boreal forests in response to climate warming and associated changes in disturbance regime are important to take into account by international mitigation efforts focused on controlling the buildup of anthropogenic CO 2 in the atmosphere, as this loss of sink capacity could weaken and negate mitigation efforts.
The results of our study also have implications for the structure of models used to assess responses of boreal forest C to projections of future climate change. Several recent regional studies have identified that permafrost thaw is important to consider in representing the response of soil C dynamics in northern high-latitude ecosystems to ongoing and projected climate change , Hayes et al. 2011 , Schaefer et al. 2011 , Schneider von Deimling et al. 2012 ). These studies indicate that it is important to consider the depth distribution of soil C and how permafrost thaw might expose soil C to decomposition in a warming climate. Furthermore, modeling studies have also identified that soil C storage in boreal forest ecosystems is vulnerable to fire associated with ongoing and projected climate change (Balshi et al. 2009 , Metsaranta et al. 2010 , Hayes et al. 2011 ). Because C dynamics of boreal forest ecosystems have substantial implications for efforts to mitigate the growth of atmospheric CO 2 ), it will be important for large-scale biochemical models and earth system models to consider how warming and changes in fire regime will influence these dynamics. This study further identifies that it is important to represent the dynamics of organic soil horizons in applications of these models to assess historical changes in regional C dynamics to changes in climate and fire regime.
